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Abs t rac t  
The fol lowing a p p l i c a t i o n s  of drops and bubbles  i n  m a t e r i a l s  s c i e n c e  a r e  reviewed: 
Formation of extended p-n junc t ions  i n  semi-conductors by drop migra t ion ;  mechanisms and 
morphologies of migrat ing d rops  and bubbles i n  s o l i d s ;  n u c l e a t i o n  and c o r r e c t i o n s  t o  t h e  
Volmer-Weber equa t ions ;  bubble shr inkage i n  t h e  p rocess ing  of g l a s s ;  t h e  formation of  g l a s s  
m i c r o s h e l l s  a s  l ase r - fus ion  t a r g e t s ;  and radiat ion- induced vo ids  i n  nuc lea r  r e a c t o r s .  These 
examples show t h a t  knowledge of t h e  behavior  of d rops  and bubbles  is f ' i p o r t a n t  i n  d i v e r s e  
a r e a s  of m a t e r i a l s  p rocess ing  and p r o p e r t i e s ,  and deaerves  f u r t h e r  fundamental s tudy .  
I n t r o d u c t i o n  
Semiconducting junc t ions  can be made i n  complicated shapes  by migra t ion  o f  l i q u i d  bubbles  
i n  a s o l i d  semiconductor. Nucleat ion o f  So l id  phases  must be c o n t r o l l e d  i n  p rocess ing  s o l i d s  
and r e g u l a t i n g  t h e i r  p r o p e r t i e s ;  t h e  theory o f  n u c l e a t i o n  was f i r s t  de r ived  f o r  t h e  forma- 
t i o n  o f  d r o p l e t 8  i n  a vapor. Melting of c l e a r  and s t r o n g  g l a s s  r c q u i r e s  t h a t  bubbles  be 
removed from v i scous  molten g l a s s ,  and t i n y  m i c r o s h e l l s  o f  g l a s s  a r  l a s e r  f u s i o n  t a r g e t s  a r e  
formed by blowing a bubble i n s i d e  a drop of molten g l a s s .  These examples show t h e  impor- 
t a n c e  o f  drops and bubbleu i n  p rocess ing  s o l i d  m a t e r i a l s .  Radiat ion can form bubbles  i n  
r e a c t o r  m a t e r i a l s ,  weakening them. I n  each of t h e s e  a r e a s  t h e r e  have been r e c e n t  advances 
o r  c o n t r o v e r s i e s ,  which w i l l  be  desc r ibed  i n  t h i s  paper .  These examples a r e  n o t  in tended  
t o  provide a comprehensive review of drops and bubbles  i n  M a t e r i a l s  Science,  b u t  merely a 
sample of a p p l i c a t i o n s  and o p o o r t u n i t i e s .  
Semiconductor p rocess ing  and migra t ion  of d rops  
Commercial processes  f o r  making p-n junc t ions  i n  semiconductors by migrat ion of l i a u i d  
d rops ,  wires, o r  s h e e t s  have been developed by T. R. Anthony and H .  E. C l i n e  of Gcr 
~ 1 e c t r i c . l ' ~  Molten m e t a l l i c  drops o r  w i r e s  nave through a s o l i d  semiconductor ' l a m a 1  
o r  e l e c t r i c a l  g r a d i e n t ,  l e a v i n g  r e s o l i d i f i e d  doped m a t e r i a l  i n  t h e i r  wake. Dot r i p e r  
o f  a low-melting metal t h a t  is  a s u i t a b l e  dopant ,  such a s  aluminum, a r e  depos i t  t h e  
a u r f a c e  of t h e  semiconductor,  which i s  then heated and s u b j e c t e d  t o  a temperature  . . r d i e n t  
o r  e l e c t r i c a l  f i e l d .  In p r a c t i c e  t h e r e  a r e  a nlxnber of problems i n  c o n t r o l l i n g  t h e  shape 
of  t h e  l i q u i d  region and i ts p a t h  t h a t  r e q u i r e  c a r e f u l  c o n t r o l  of t h e  temperature  and t h e  
g r a d i e n t s .  Thus knowledge of t h e  morphology and k i n e t i c s  of t h e  l i q u i d  d rops  and w i r e s  is 
important  f o r  s u c c e s s f u l  product ion of a s a t i s f a c t o r y  dev ice .  Thermal g r a d i e n t s  proved LO 
be d i f f i c u l t  t o  c o n t r o l ,  s o  e l e c t r o m i g r a t i o n  was developed a s  an a l t e r n a t i ~ e . ~  
A l a t t i c e  of columnar p-n junc t ions  t h r o u  h a semiconductor wafer  can be made by thermal  
migrat ion o f  aluminum drops through s i 1 i c 0 n . ~  This  "deep-diode a r r a y "  can be u ~ e d  a s  an 
imaging t a r g e t  f o r  x-rays and i n f r a r e d  r a d i a t i o n .  
A l i q u i d  drop i n  a g r a d i e n t  of d r i v i n g  f o r c e  i n  a s o l i d  moves by d i s s o l u t i o n  and r e p r e c i -  
p i t a t i o n  of s o l i d  i n  t h e  l i q u i d .  Driving g r a d i e n t s  can be i.1 temperature .  mechanical f o r c e  
( a c c e l e r a t i o n a l  f i e l d )  o r  e l e c t r i c a l  p o t e n t i a l .  Anthony and C l i n e  found t h a t  high f o r c e  
g r a d i e n t s  were requ i red  t o  migra te  b r i n e  drops i n  s o l i d  KCn,' sugges t ing  t h a t  an  imprac- 
t i c a l l y  high sedimentat ion f i e l d  would be r e q u i r e d  t o  move l i q u i d  drops i n  semiconductors.  
The r a t e  of d r o p l e t  motion can be c o n t r o l l e d  either by t h e  r a t e  o f  d i f f u s i o n  ok s o l u t e  
i n  t h e  l i q u i d  o r  by t h e  r a t e  of d i s s o l u t i o n  o f  s o l i d  ( i n t e r f a c e  c o n t r o l ) .  Th is  d i s s o l u t i o n  
r a t e  is  u s u a l l y  p r o p o r t i o n a l  t o  t h e  s o l u b i l i t y  of t h e  s o l i d  i n  t h e  l i q u i d  drop,  and can be 
d i f f e r e n t  f o r  d i f f e r e n t  c r y s t a l l o g r a p h i c  p lanes  i n  t h e  s o l i d .  A t  h igh temperatures  con- 
v e c t i v e  flow i n  t h e  drop can l e a d  t o  r a t e s  h igher  than  expected from t h e  static d i f f u s i o n  
c o e f f i c i e n t  o f  s o l u t e  i n  t h e  l i q u i d . '  For l a r g e  crops d i f f u s i o n  i n  t h e  l i q u i d  i s  more 
l i k e l y  t o  c o n t r o l  t h e  r a t e  of d r o p l e t  migra t ion ,  whercaa f o r  smal l  d rops  i n t e r f a c e  r a t e s  
become important .  A s i m i l a r  i n f l u e n c e  o f  c r y s t a l  s i z e  is  found f o r  t h e  r a t e  of c r y s t a l l i -  
z a t i o n  from s o l u t i o n .  For l a r g e  c r y s t a l s  d i f f u s i o n  i n  t h e  l i q u i d  c o n t r o l 8  t h e  r a t e  o f  
growth, whereas f o r  smal l  c r y s t a l s  i n t e r f a c e  c o n t r o l  is usual .8  
A t  equ i l ib r ium t h e  shape of a l i q u i d  drop i n  a s o l i d  is coh.crolled by t h e  i n t a r f a c i a l  
e n e r g i e s  of d i f f e r e n t  c r y s t a l l o g r a p h i c  p l a n e s  o f  t h e  s o l i d  i n  c o n t a c t  w i t h  t h e  l i q u i d .  The 
shape t h a t  minimizes t h e  t o t a l  s u r f a c e  f r e e  energy is t h e  e q u i l i b r i u m  one. In  p r i n c i p l e  
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t h i s  shape can be c a l c u l a t e d  from knowledge of  t h e  s u r f a c e  energy a s  a f u n c t i o n  of  c r y s t a l -  
l o g r a p h i c  o r i e n t a t i o n  o f  a  s u r f a c e  f a c e t  by t h e  "Wulff" c o n s t r u c t i o n ;  i n  p r a c t i c e  t h i r  
f u n c t i o n  is  hard ly  e v e r  known i n  much d e t a i l ,  and t h e  r e l a t i v e  v a l u e r  of  i n t e r f a c i a l  
e n e r g i e r  a r e  o f t e n  deduced from e q u i l i b r i u m  shapes  o f  c r y s t a l s .  One would expec; t h a t  low 
index and c losely-packed c r y s t a l l o g r a p h i c  p l a n e s  should have t h e  lowes t  e n e r g i e s ,  r o  t h a t  
thene p l a n e r  should,  and u s u a l l y  do,  predominate i n  e q u i l i b r i u m  shapes  of c r y r t a l s .  
Br ine  d r o p l e t s  i n  KC1 had mainly (100) p l a n e s  a r  f a c e s  a f t e r  reven yearn st room tempera- 
t u r e ,  w i t h  edge rounding6 and rome c o n t r i b u t t o n  from (11% f a c e r . 9  S i l i c o n  e x E s e r  mainly 
(111) p l a n e r  i n  c o n t a c t  w i t h  l i q u i d ,  w i t h  some c o n t r i b u t i o n  from (100) p l a n e r .  When a 
d r o p l e t  migra tes  i n  a  f o r c e  f i e l d ,  i ts rhape can be d i s t o r t e d  by i w n u n i f o r m i t i e r  i n  t h e  
f i e l d  and i n  t h e  r a t e r  of i n t e r f a c i a l  d i s s o l ~ t i o n . ~ ~  
The r a t e  of migra t ion  of  g a s - f i l l e d  bubbler  i n  KCe i n  a  t empera tu re  g r a d i e n t  waa d e t e r -  
mined by t h e  r a t e  o f  evapora t ion  o f  ro1j.d and by d i f f u s i o n  o f  KCE moleculer  i n  t h e  bubble ,  
i n  much t h e  way a s  t h e  l i q u i d  drops." The bubbler  were bounded by (100) I p l a n e r ,  b u t  
a t r e t c h e d  o u t  i n  t h e  d i r e c t i o n  of  migrat  )n i n s t e a d  of  remaining cub ic .  ' The shape was 
determined by t h e  i n t e r f a c i a l  r a t e s  of e ~ a p o r a t i o n  and d e p o r i t i o n  r a t h e r  t h a n  by t h e  e q u i l i -  
brium c o n d i t i o n  from r u r f a c e  e n e r g i e r .  A t r a i l  o f  f i n e  bubble* fol lowed i n  t h e  wake of  t h e  
m i g r a t i ~ ~ g  bubble .  
Nucleat ion 
The t rans format ion  of one phase i n t o  a n o t h e r  a lmos t  always r e q u i r e s  format ion of a  mole- 
c u l a r  c l u s t e r  o f  t h e  new phase i n  t h e  o l d ,  a f t e r  which t h e  new phase giows a t  t h e  expense 
of t h e  o l d .  Th i s  n u c l e a t i o n  and growth mechanism i a  v a l i d  f o r  pure  m a t e r i a l 8  and u s u a l l y  
f o r  mix tu res ;  i n  some mixtures  a uniform t r a n s f o r m a t i o n  c a l l e d  s n i n o d a l  decompori t ion is 
p o s s i b l e ,  b u t  it w i l l  n o t  be cons ide red  he re .  When a  c l u s t e r  o r  nuc leus  foxmr t h e  r e r u l -  
t a n t  s u r f a c e  energy can exceed t h e  volume f r e e  energy d i f f e r e n c e  d r i v i n g  t r a n s f o r m a t i o n ,  
.io t h a t  a  n u c l e a t i o n  b a r r i e r  e x i s t s  even when a  l a r g e  sample of  t h e  new phase i r  s t a b l e  
w i t h  r e s p e c t  t o  t h e  o ld .  Th i s  s i t u a t i o n  is i l l n s t r a t e d  i n  F i g u r e  1, where t h e  chemical  
F iqure  1. The chemical p o t e n t i a l  o f  e t h a n o l  d r o p  a t  - 9 * C ,  a s  a  f u n c t i o n  o f  d r o p  r a d i u s .  
p o t e n t i a l  u r  i n  j /molecules of  a d r o p  o f  e t h a n o l  i r  c o w a r e d  t o  t h e  chemical p o t e n t i a l  o f  
mupersaturated e t h a n o l  vapor u, and t h e  chemical  p o t e n t i a l  of  l i q u i d  e t h a n o l  u p ,  a11  a t  
-9.C. When t h e  chemical p o t e n t i a l  of  a drop equa l*  t h a t  of  t h e  su r round ing  vapor it is 
s a i d  t o  be o f  c r l t i c a l  s i z e  ( r a d i u s  r e ) .  Smal le r  d rops  are u n s t a b l e  and decompose; l a r g e r  
d rops  g r w .  
Volmer and Y e b e r  d e r i v e d  t h e  number of c r i t i c a l  n u c l e i  a s  a  f u n c t i o n  o f  s u p e r s a t u r a t i o n  
and t empera tu re  from t h e  f l u c t u a t i o n  theory  o f  m in stein'^ and t h e  c a l c u l a t i o n  of  ~ i b b r l ~  
of t h e  r e v e r r i b l e  work t o  form a  r p h e r e  o f  t h e  c r i t i c a l  r i x e .  The r e s u l t  is 
where N* is t h e  nuraber o f  c r i t i c a l  n u c l e i  per unit volume, N is t h e  number o f  vapor mole- 
c u l e s  p e r  u n i t  volume, W is t h e  r e v e r s i b i e  work to form t h e  cri t ical  nucleus ,  k is 
Boltzmann's c o n s t a n t  and T t h e  temperature .  Then t h e  rate o f  n u c l e a t i o n  I is t h e  p roduc t  
of t h e  nuraber of c o l l i s i o n s  of vapor molecules  w i t h  t h e  s u r f a c e  of a c r i t i c a l  nucleus  w i t h  
N* : 
where Z is t h e  c o l l i s i o n  frequency of  molecules w i t h  a s u r f a c e  and A* i e  t h e  s u r f a c e  a r e a  o f  
a c r i t i c a l  nucleus.  For a s p h e r i c a l  nucleus: 
where y is t h e  s u r f a c e  energy of  t h e  l i q u i d  and aP is t h e  d i f f e r e n c e  i n  p r e s s u r e  between t h e  
i n s i d e  and o u t s i d e  o f  t h e  c r i t i c a l  nucleus.  
The equa t ions  of Volrer  and Weber agreed w e l l  w i t h  exper imental  d a t a  i n  r a i n  format ion o f  
va r ious  l i q u i d s  i n  a c loud ch&erl6 and w i t h  mre r e c e n t  r - s u l t s  i n  t h e  d i f f u s i o n  c loud  
chamber, e s p e c i a l l y  i n  t h e  c a l c u l a t e d  and measured v a l u e s  o f  t h e  s u r f a c e  e n e r g i e s .  Never- 
t h e l e s s  a number o f  a u t h o r s  have suggested t h a t  t h e  e q u a t i o n s  o f  V o l r n t r  and Weber need t o  
be modified by c o r r e c t i o n  f a c t o r s  t h a t  vary from a f a c t o r  of  10" i n  t h e  n u c l e a t i o n  r a t e  to  
a n e g l i g i b l e  c o r r e c t i ~ n . ~ ~ - ~ ~  These t r e a t m e n t s  invo lve  q u e s t i o n a b l e  assuxnptions of e q u i l i -  
brium i n  chemical d e p o s i t i o n  r e a c t i o n s  t o  form t h e  c r i t i c a l  nucleus  o r  between embryos n o t  
of t h e  c r i t i c a l  s i z e  and t h e  surrounding vapor. The equa t ions  o f  Volmer and neber  a g r e e  
w e l l  w i t h  experiment,  and t h e r e  appears  t o  be no need to correct them. 
I n  a r e c e n t  paper Carlon h a s  found t h a t  even u n d e r s a t u r a t e 6  wate r  vapor  and mois t  a i r  
c o n t a i n  multimolecular c l u s t e r s  o f  water .21 Thus t h e  i n i t i a l  c o n d i t i o n  o f  a vapor i n  a 
nuc lea t ion  experiment may n o t  be j u s t  i n d i v i d u a l  molecules,  b u t  could c o n t a i n  an unknown 
d i s t r i b u t i o n  of c l u s t e r s .  Such a d i s t r i b u t i o n  would f u r t h e r  complicate  n u c l e a t i o n  t h e o r i e s  
based on a series of condensation r e a c t i o n s ,  b u t  should no t  i n f l u e n c e  t h e  e q u i l i b r i u m  
f l u c t u a t i o n  method of  Volmer and Weber. Carlon a l s o  found t h a t  t h e s e  c l u s t e r s  o f  water 
molecules l ead  t o  i n f r a r e d  a b s o r ~ t i o n  a t  wave l e n g t h s  d i f f e r e n t  from t h o s e  For molecular  
water.  
Bubbles i n  t h e  p rocess ing  o f  g l a s s  
Fining,  o r  t h e  removal of bubbles  from a g l a s s  m e l t ,  is one of t h e  major t echnolog ica l  
problems i n  g l a s s  melting. I t  is u s u a l l y  so lved  by holding t h e  g l a s s  f o r  some time a t  a 
temperature  somewhat below t h e  h i a h e s t  mel t ina  t empera ture ,  and by adding c e r t a i n  minor 
c o n s t i t u e n t s  t o  t h e  o r i g i n a l  g l a s s  batch.  The mechanisms by which t h e s e  a d d i t i o n s  a i d  
bubble removal a r e  still somewhat u n c e r t a i n ,  a l though  much o r o g r e s s  i n  unders tanding h a s  
been made i n  r e c e n t  years .  
Bubbles can be removed from a melt by e i t h e r  cf two ways. They car1 rise t o  t h e  s u r f a c e  
o r  t h e  g a s  i n  them can d i s s o l v e  i n  t h e  g l a s s .  The r a t e  of rise is given by t h e  fol lowing 
equa t ion  : 
where 3 is  t h e  d e n s i t y  of t h e  g l a s s ,  g is t h e  g r a v i t a t i o n a l  c o n s t a n t ,  R i s  t h e  bubble r a d i u s ,  
and n is t h e  v i s c o s i t y  of  t h e  g l a s s .  For a v i s c o s i t y  o f  100 P ,  t y p i c a l  f o r  mel t ing  tempera- 
t u r e s ,  t h e  r a t e  of rise of  bubbles 0 .1  mm i n  diameter  is about  10 cm/day, which is t o o  smal l  
t o  e l i m i n a t e  them from a normal g l a s s  furnace.  Thus smal l  bubbles  can be removed from g l a s s  
melts only  by d i s s o l u t i o n  of t h e i r  g a s  i n t o  t!re g l a s s  m e l t ,  a l though  l a r g e r  bubbles  can rise 
t o  t h e  s u r f a c e .  
Arsenic ox ide  is a conrmon f i n i n g  agen t  added t o  g l a s s  t o  h e l p  remove bubbles.  For many 
y e a r s  it was thought t h a t  t h e  a r s e n i c  r e l e a s e d  oxygen a t  g l a s s  mel t ing  t empera tures ,  which 
"swept o u t "  t h e  bubbles i n  t h e  g l a s s .  However, t h e  c a l c u l a t i o n  above shows t h a t  such a 
mechanism would not e l i m i n a t e  smal l  bubbles ,  and t h e  e l e g a n t  e x p e r i r e n t s  of Greene and 
co-workers showed t h a t  a r s e n i c  enhances d i s s o l u t i o n  of oxygen bubblcs i n  Thus 
t h e  importance o f  a r s e n i c  and antimony ox ide  a d d i t i o n s  t o  t h e  g l a s s  is t o  a i d  i n  removal o f  
f i n e  bubbles,  r a t h e r  than t o  genera te  more gas .  
S t u d i e s  o f  bubble shr inkage i n  g l a s s  can h e l p  i n  unders tanding t h e  k i n e t i c s  of f i n i n g ,  
t h e  r a t e s  of d i f f u s i o n  of gases  i n  molten g l a s s ,  and t h e  t h e o r e t i c a l  t r ea tment  o f  bubble 
d i s s o l u t i o n .  Greene and h i s  co-workers observed t h e  shr inkage  of oxy e n  and ~ u l f u r  d i o x i d e  
bubbles i n  a nrmber of s i l i c a t e  g l a s s e s  between 100O0C and 1 3 0 O ~ C . ~ ~ ' ~ ~  They s e a l e d  a smal l  
amount of g a s  i n t o  a ho le  between two g l a s s  d i s c s ,  which were then  hea ted  i n  a r o t a t i n g  
s i l i c a  cell. During t h e  f i r s t  few minutes of h e a t i n g  t h e  temperature  of t h e  bubble changed, 
so that reliable measurements were not possible. This technique also often introduced a 
small amount of foreign qas into the bubble. To avoid these difficulties Greene and Davis 
developed a technique in which the bubble was obeerved just after it was blown into the 
molten glass, and studied oxygen, nitrogen, and water bubbles in molten boric oxide." 
Brown and   or em us-'" also used this technique to study the shrinkaqe of air oxygen, and 
nitroqen bubhles in molten boric oxide2 an example of their work is shown in Figure 2. 
TIME (MINUTES) 
Fiqure 2. Diameter of an air bubble in molten 8 2 0 3  at 550°C as a function of time. Circles 
data; line from ey. 5 with D = 2.3(10)' cm2/sec and B = 0.058. 
The mathematical treatmnt of the arowth or shrinkaqe of a bubble requires solution of a 
non-linear ~artial differential equation, and a qeneral analytical solution has not been 
found. However, several limitin? cases can be solved satisfactorily. If the gas dissolving 
in the slass has a low zoncentration (dilute solution in the qlass), a relatjvely simple 
relation for the radius of the bubble R as a function of time t is found:- ' * - "  
Ro - &I2 = 2DBt(l + -2%) (5 
. .Dt 
where % is the initial bubble radius, D is the diffusion coefficient of the dissolving gas 
in the qlnss, and B is a concentration factor B = (ci-c.,)/cs, where the subscripts denote 
concen~rations of qas: s in the bubble, i dissolved In the glass at the bubble-glass inter- 
face, n~?.? .-. dissolved in the qlass far from the bubble. Eq. 5 fits data for the dissolution 
of air ib~ molten boric oxide as shown in Figure 2. 
I f  the amount of qas dissolved in the qlass is not small, (B 4 l), the solution becomes 
more complicated, because the flow of molten ylass as the bubble shrinksleadsto a 'conwc- 
tion" term in the differential equation:', True cont~cction in the glass melt is not sig- 
nificant because of the high viscosity of the glass. A perturbation solution of this 
expandcd,differential equation for bubble growth or shrinkage has been given by Duda and 
Vrentas;-!I the first tarm in their solution is eq. 5. 
Furfher complications arise if more than one kind of qas is dissolvin in the 
glass,- - ' 0  if the q l ~ s s  snmcle is not l a m e  compared to the bubble, -' and if there is 
a surface chemical reaction of the qar dissolving in the glass." 
Hollow qlass shelis filled with deuterium and tritium can serve as laser-fusion targets. 
These shells are tynically about 100 11m in diameter with a wall thickness of a few microns, 
and can be made by droppinq oowder of a metal-orqanic gel through a furnace tower at temper- 
atures of from 1200°C to 1500~c.'~ The organic material and residual water serve to blow 
out the slass into a spherical shell. The size and quality of the shells are dependent on 
the qlass compogition, the organic content of tho qels, and the furnace conditions. 
Swelling of materials in fast reactors 
The swelling of radiation-induced voids in metals and alloys in nuclear reactors can 
lead to serious degredation of these materials, and may become a problem in fast breeder 
reactors. The rate of swelling is strongly dependent upon the composition of the irradiated 
alloy; minor additions ("swelling inhibitors*) can reduce the amount of swelling by up to 
two orders of Nucleation of the voids may be a critical step in their forma- 
tion." Bubbles of gas in irradiated metals can grow by migration and coalescence. The 
rate of migration of small bubbles is controlled by surface diffusion, and in larger 
bubbles by ledqe nucleation, in niobium alloys and zirconium.35 
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